This paper addresses the recent advances in gas chromatographic ( GC )-based instrumentation for the analytical determination of environmental toxicants using small samples. One-dimensional GC / time-of-flight mass spectrometry ( TOFMS ) and comprehensive two-dimensional GC ( GCÂGC ) are shown to drastically improve sample component resolution, sensitivity and overall analytical throughput. A presentation of the concepts behind the new state-of-theart, and results highlighting the advantages of the emerging technologies are presented.
Introduction
Environmental toxicants are chemical substances of natural or anthropogenic origin that are released into the environment through various processes, and exposure to many of these pollutants has been shown to be directly hazardous to human life. Children's exposure pathways differ substantially from those of adults because of several factors, which include developmental activities and lower toxic thresholds ( Sauer et al., 1994; Schecter et al., 1994; Lanphear and Roghmann, 1997; Osius et al., 1999 ) . These factors present a considerable challenge to exposure assessment efforts that rely on parameters of external exposure such as environmental monitoring and exposure history /questionnaires. Environmental monitoring only determines the amount of the toxicant to which both adults and children have been exposed, and as such does not provide specific information on children's exposure levels, and exposure questionnaires are more difficult to design and interpret for children in comparison with adults. Biological monitoring (biomonitoring ) is generally considered a more effective approach because the exposure assessment is based on parameters of internal exposure such as the amount of toxicant in body tissues and fluids.
As awareness about the deleterious effects of these toxicants has increased the number of compounds to be monitored has grown over the years. CDC's agency for toxic substances and disease registry currently lists over 350 compounds (U.S. Department of Health and Human Services, 1999) . This list includes many contaminants that have the potential to disrupt endocrine function such as inorganic chemicals ( lead, mercury ), naturally occurring toxins ( phytoestrogens, mycotoxins) , and synthetic organic compounds (persistent and nonpersistent pesticides, dioxins and furans, polychlorinated biphenyls (PCBs ), polyaromatic hydrocarbons, etc. ). Numerous chemical and biological methods have been developed for the biomonitoring of individual substances or classes of substances. These methods vary widely in their capabilities, but all are limited to some subset of the whole group because none of these methods have the capacity to separate, identify and quantify all of the important members of all classes of environmental toxicants present in a sample. Gas chromatography± high resolution mass spectrometry (GC -HRMS ) methods are generally preferred for the analysis of volatile organic compounds because they offer a more complete analysis per sample than immunoassay or bioassay methods. GC is necessary to separate the substances of interest from each other and present them to the mass spectrometer one at a time. HRMS is necessary to verify the identity of each separated substance and to measure its quantity. This is a considerable advantage when dealing with children's samples where the importance of analyzing small sample volumes is an even greater consideration than in adult samples. GC -HRMS is currently plagued, however, by its inability to simultaneously optimize analytical separation, sensitivity and speed. Further advances are needed to develop biomonitoring methods that will be capable to respond to the demand for high throughput analysis of increasing numbers of analytes in smaller amounts of sample.
Two emerging GC technologies, time -compressed GC /TOFMS and comprehensive two-dimensional GC (GCÂGC ), ultimately have the potential to improve the efficiency and lower the cost of GC -MS methods. Both these advances are based on the use of high -speed GC ( HSGC ), whose recent emergence is the product of several technological advances in the injection, column, detector and data acquisition /data processing technologies (Jain and Phillips, 1995; Van Ysacker et al., 1995; Li and Andrews, 1996; Sacks et al., 1998; Cramers et al., 1999 ) . In HSGC the analysis time is dramatically decreased (typically by a factor of 10) through radical reductions in column length and /or diameter, and faster operating conditions ( flow rate, temperature programming, etc. ). The main advantage of HSGC is obviously analysis time, which translates into dramatic improvements in sample throughput. HSGC also improves sensitivity and detection limits because faster elution of chromatographic peaks forces them to be sharper and thus taller as well. The challenge of HSGC resides in improving or maintaining chromatographic resolution.
Materials and methods

Time -Compressed GC /TOFMS
Time -of -flight (TOF) MS is the ideal detector for fast GC because of the nature of its operation, which involves extremely fast data acquisition capabilities (up to 500 data points per second ) and simultaneous monitoring of all ions in the desired mass range ( Holland et al., 1983 ) . These characteristics are unmatched by any of the other types of mass spectrometers in use today. The TOFMS performs the dual role of detector and compound separator, because it is able to rapidly acquire all mass spectral information throughout the entire chromatographic run. Co -eluting GC compounds are resolved in the mass spectral domain on the basis of differences that can be found in their respective ion fragmentation patterns. Even closely related isomers generally exhibit slight differences that can now be used for qualitative differentiation, and the overall result is a drastic improvement in the analysis speed.
The operational parameters of the GC /TOFMS system that was used for results presented in this paper are outlined in Table 1 . Samples are injected into the GC where they are separated under a fast temperature program. The GC effluent enters the TOFMS and molecules are ionized by electron impact (electron ionization ) as they pass through a 70 -eV electron beam. The ion source is purged every 200 s ( 5000 times every second ) and all ions in the source are accelerated into the drift region. Every single purge results in a mass spectrum. The acceleration voltage (1600 to 2000 V ) provides all ions with the same kinetic energy (K.E. =1 / 2 mv 2 ) as they enter the 2 -m flight tube. Each ion``packet'' contains ions of various masses ( molecular and fragment ions ) , and these ions travel down the drift tube at different velocities ( v) which correspond to their relative masses (m ), according to the kinetic energy equation. The residence time ( or time -of -flight ) in the drift tube is thus also characteristic of ion mass. For example, a mass of 2 amu takes 8 s to reach the ion detector in the Pegasus II TOFMS, while a mass of 1000 amu takes 170 s. The instrument software performs a number of functions, which include instrument control, data acquisition and a host of data processing routines for qualitative and quantitative analysis (calibration curves, library matches, deconvolution of co-eluting GC compounds, etc. ) .
Comprehensive Two -Dimensional GC ( GCÂGC ) Two -dimensional GC methods have been used for many years in which two conventional GC columns are connected ( Schomburg, 1995; Bertsch, 1999 ) . The product of a first run of the sample is studied, and in subsequent runs the critical regions are diverted (or`h eartcut'' ) onto the second column to complete the separation that was not achieved in the first column. Heartcut 2D -GC is powerful because the separation mechanism of the second GC column separation is substantially different from the first column, and as a result the complete component resolution in the GC domain is achievable. However, the increased resolution in the GC domain is accompanied by an increase in analysis time.
In comprehensive two-dimensional GC the burden of component resolution is shared between the two serially connected GC columns. The key component in the operation of the GCÂGC instrument is the on-column injector, called thermal modulator, that is placed at the juncture between the two columns. This device is essentially a heat shuttle that repeatedly collects the effluent as it emerges out of the first column, and injects the narrow, focused segment into the second column as a sharp concentration pulse. The first column effluent is therefore modulated throughout the analytical run. The second column is operated at high -speed conditions and separates each concentration pulse into its components, thus giving a secondary chromatogram. During the development of each secondary chromatogram the modulator accumulates sample for the next concentration pulse. Every sample component is thus subjected to both separation dimensions. The raw data is collected at the detector as a onedimensional trace, and then segmented into a twodimensional data matrix array based on the modulation frequency ( Dimandja et al., 2000 ) . The data can thus be viewed in one dimension (raw data or reconstructed 1D trace ) , two-dimensions ( concentration contour plots or peak maxima retention time scatterplots ) or three dimensions (surface plots ) .
The``GCÂGC'' abbreviation is appropriate to describe the capabilities of this technique because the separation power of the first dimension is multiplied by the separation power of the second dimension (Phillips and Xu, 1995; Phillips and Beens, 1999) . As a result, GCÂGC separations can usually be done in a time comparable to onedimensional GC separations that have less than one tenth the resolving power. GCÂGC is therefore a chromatographic technique that is capable of increasing peak capacity and producing high -speed separations. The high -speed second dimension chromatograms contain peaks whose widths are typically in the 75 to 500 ms range, compared to the 5 -to 20-s range peaks in onedimensional GC. These chromatograms therefore require the use of a fast detector. Most of the GCÂGC work to date has used the flame ionization ( FID ) detector. However GCÂGC units have been interfaced with to a quadrupole MS ( Frysinger and Gaines, 1999 ) and even a magnetic sector HRMS ( Patterson et al., 1996 ) , both operated in the selective ion monitoring ( SIM ) mode.
Results and discussion
Time -Compressed GC /TOFMS
Qualitative Analysis Time -compressed GC is currently being evaluated for the purpose of improving an existing GC -HRMS method for the analysis of PCBs and persistent pesticides most prevalent in human serum ( Patterson and Turner, 1997 ) . Table 2 is a list of the 38 PCB compounds and 13 persistent pesticides, with their molecular weights and characteristic fragment ions, as determined from preliminary GC /TOFMS runs of the individual standards. The GC /HRMS analysis time is 1 h, which allows one operator to run eight samples per day (one method blank sample, six unknown serum samples and a quality control serum sample ) . While these capabilities represent substantial improvements over previous methods Ð which required a week for the analysis of five samples ( Patterson et al., 1989 ) Ð there clearly is a need to develop higher throughput strategies for use in large epidemiological studies or emergency response situations. Table  2 for peak identification details. Figure 3 . Mass spectral domain resolution of co-eluting GC peaks. This is a close-up of the peak 5 / 6 retention region of the RIC shown in Figure 2 .
Dimandja et al.
Assessing environmental exposures to children used in the GC / HRMS method. The chromatogram shows the separation and identification of 36 of the 38 PCBs in under 5 min. There are two co -eluting PCB pairs in this chromatogram (PCBs 118 /149 and 196/ 203) , however these are the same two pairs that are unresolved chromatographically in longer GC /HRMS method. The GC /TOFMS analysis essentially time compresses the analysis without a reduction in resolution power. In addition, the ability in TOFMS to selectively sum the ions of interest out of the entire set of collected mass channels improves the sensitivity in a manner similar to SIM in the slower HRMS instrument. RIC improves the sensitivity by selecting the best mass channel signals for a particular sample component or group of components while discarding the mass channels (noise or other sample components ) that constitute interferences to the desired signal. In SIM HRMS the selected masses are determined a priori analytical run, whereas in TOFMS the acquisition speed allows for all the mass channels to be collected during an analytical run, thus allowing for the selection of the best mass channels to be done a posteriori. Moreover, in SIM HRMS the demands placed the scanning operation mode limit the total number of channels that can be selected, as opposed to the more flexible selection mode in TOFMS where mass channels can either be added or subtracted from the signal. Figure 2 is the RIC based on the characteristic ions for the pesticides. It is important to note that Figure 2 was obtained from the very same analytical run as Figure 1 . The chromatogram shows a separation of 11 of the 13 pesticides, with one co -eluting pair (heptachlor epoxide and oxychlordane ). However, these two compounds are further resolved in the mass spectral domain on the basis of their unique ions, as shown in Figure 3 . The overlay of the characteristic ions for the two co -eluting pesticides clearly shows two separate peaks. The TOFMS data processing software is trained to recognize these differences, and the two substances were correctly identified by a library search. Assessing environmental exposures to children Dimandja et al.
Quantitative Analysis Quantitation was done by isotope dilution, in which the internal standards are carbon -13 analogs of the native compounds. The advantage of using isotope dilution is the nearly identical physical properties between the internal standard and native compounds, which lead to better sample recovery measurements and reproducibility (Bonin et al., 1995 ) . Figure 4 is a typical calibration curve generated for one of the PCB standards (PCB -153 ). This curve is linear over the selected range, with detection limits in the low part -per-trillion range, which is adequate for the analysis of background human levels. Quality control samples that had been run using the GC -HRMS method were reanalyzed by GC -TOFMS, and Figure 5 gives the comparison between the two methods . GCÂGC separation of a pesticide mixture. Peak identification: 1, dicamba; 2, trifluralin; 3, dicloran; 4, phorate; 5, pentachlorophenol ( internal standard ) ; 6, atrazine; 7, fonofos; 8, diazinon; 9, chlorothalonil; 10, terbufos; 11, alachlor; 12, matalaxyl; 13, malathion; 14, metolachlor; 15, DCPA; 16, captan; 17, folpet; 18 , heptadecanoic acid ( internal standard ) .
Assessing environmental exposures to children for a number of PCBs. The TOFMS values are shown to be in close agreement with the HRMS values, and are all within the 95% confidence limits set by the HRMS method. Figure 6 is a GCÂGC chromatogram showing the separation of a mixture of pesticides in human blood serum that has previously been published (Liu et al., 1994 ) . The 16 pesticides and two internal standards were separated in under 5 min, whereas several of the pesticides could not be baseline resolved even in the hour-long 1D GC method. GCÂGC is ideally suited for the separation of complex mixtures ( over 100 sample components ). However, even in the case of a relatively simple mixture (such as the one shown in Figure 6 ) several advantages of the use of GCÂGC are evident. First, the larger peak capacity provides room in the chromatogram for more separated substances, thus reducing the statistical probability of overlap between substances. Second, the higher separation speed allows increased peak capacity without a time penalty. And third, the mid -column sample compression essentially refocuses the sample and thus increases the signal-to -noise ratio ( sensitivity ) . The use of two dimensions of separation was thus critical in this particular instance for solving interference problems and providing a faster separation.
GCÂGC Qualitative Analysis
Quantitative Analysis GCÂGC / HRMS has been evaluated for the analysis of PCDDs, PCDFs and coplanar PCBs ( Patterson et al., 1996 ) . The system was used to analyze for all 22 congeners of these compound classes in less than 20 min. The normal 1D GC /HRMS separation takes more than 1 h to complete. The analysis of 335 ag of 2378 -TCDD is shown in Figure 7 . This amount corresponds to a 10 part -perquintillion detection limit for 2378 -TCDD in 200 g of human serum. The enhanced sensitivity could be used to allow the analysis of less serum, which in turn would increase the overall speed of the sample preparation and sample cleanup procedures.
Conclusion
The technologies discussed in this paper have improved the sample throughput of the methods currently in use for the analysis several endocrine disrupter compounds. Recent investigations in our laboratory have uncovered the promise of improving TOFMS sensitivity by an order of magnitude through the use of a data processing method specially developed for the treatment of multivariate data. A TOFMS has also very recently been successfully coupled to our GCÂGC unit, and preliminary results have already demonstrated the tremendous qualitative and quantitative potential of this comprehensive three -dimensional technique. The current workhorse methods are still in use because they are robust and their validation has been carefully developed over time. Once these new instrumental advances withstand rigorous ruggedness testing, their adoption to improve the existing techniques will feature improved selectivity, sensitivity and speed, and thus will allow the use of smaller units of sample. The implications for the analysis of children's exposure to environmental toxicants are beyond the scope of this paper. However we are confident in speculating that the improvements presented herein will greatly affect such analyses for the benefit of all involved.
